Adult-generated dentate granule neurons have emerged as major contributors to hippocampal plasticity. New neurons are generated from neural stem cells through a complex sequence of proliferation, differentiation, and maturation steps. Development of the new neuron is dependent on the precise temporal activity of transcription factors, which coordinate the expression of stage-specific genetic programs. Here, we review current knowledge in transcription factor-mediated regulation of mammalian neural stem cells and neurogenesis and will discuss potential mechanisms of how transcription factor networks, on one hand, allow for precise execution of the developmental sequence and, on the other hand, allow for adaptation of the rate and timing of adult neurogenesis in response to complex stimuli. Understanding transcription factor-mediated control of neuronal development will provide new insights into the mechanisms underlying neurogenesis-dependent plasticity in health and disease.
T he generation of new neurons from stem cells persists in at least two areas of the adult mammalian brain: the subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) . Neurogenesis in the adult DG has particularly gained major attention as there is now convincing evidence for robust adult hippocampal neurogenesis in humans (Eriksson et al. 1998; Spalding et al. 2013 ) and because there is growing insight into the prominent role of adult neurogenesis in hippocampus-dependent learning and memory and the regulation of mood (Aimone et al. 2011; Sahay et al. 2011; Kheirbek et al. 2012 ).
Moreover, analysis of aged animals and preclinical models raised the intriguing possibility that disturbance of adult hippocampal neurogenesis contributes to the pathophysiology of cognitive impairment and mood disturbance in aging and neuropsychiatric disorders (Winner et al. 2011) .
The generation of new functional DG neurons from neural stem cells is achieved through a complex developmental sequence including proliferation, differentiation, and maturation steps. The developmental progression of a newborn cell is controlled by environment-derived signals and is coordinated by precise changes in the pattern of gene expression Suh et al. 2009; Ming and Song 2011) . Consequently, transcription factors as the primary regulators of gene transcription fulfill a central function in coordinating the development of new functional neurons from stem cells. In this review, we first provide an overview of the hippocampal neurogenic lineage. We will then summarize the current knowledge on transcriptional regulators controlling adult hippocampal neurogenesis and will discuss how transcription factors may cooperatively control lineage progression. Finally, we will discuss how transcription factor networks may serve as a convergence point of signaling pathways and provide a platform to wire extrinsic signals into the regulation of development of adult-born DG neurons.
THE HIPPOCAMPAL NEUROGENIC LINEAGE
The generation of new functional DG neurons from neural stem cells is achieved through a complex developmental sequence that comprises the activation of a quiescent stem cell into a proliferating state, neuronal fate determination of the proliferating precursor cell, neuronal maturation, and functional integration into the hippocampal circuit Suh et al. 2009; Ming and Song 2011) . Fate mapping studies combined with expression pattern analyses and the analysis of transgenic reporter mice have led to a model describing distinct developmental stages in adult hippocampal neurogenesis ( Fig. 1) .
Specialized astrocytes in the SGZ extending a single glial fibrillary acidic protein (GFAP) or Nestin-positive radial process through the granule cell layer and showing dendrite-like branching in the molecular cell layer, are considered the most undifferentiated precursor in the hippocampal neurogenic lineage ). Whether these precursors, which are also referred to as type 1 cells, represent "true" stem cells according to the most stringent criteria is not fully resolved, as there is conflicting data regarding their ability for long-term self-renewal (Bonaguidi et al. 2011; Encinas et al. 2011) . It is also of note that a second class of precursor cells with stem-cell characteristics was identified, which divides more quickly than the radial type 1 cells and is morphologically characterized by short, horizontal processes (Lugert et al. 2010) . Radial type 1 cells are mostly quiescent or divide very slowly (Lugert et al. 2010; Bonaguidi et al. 2011; Encinas et al. 2011; Beckervordersandforth et al. 2014) . Type 1 cells are activated presumably by extrinsic signals, enter cell cycle or accelerate cell-cycle progression, and give rise to consecutive stages of fast dividing precursor cells, namely, type 2a, type 2b, and type 3 cells. Expansion of the pool of newborn cells is generally considered to occur on the level of the type 2 and to a limited extent at the stage of type 3 precursors Kempermann et al. 2004) ; hence, these precursors are often referred to as transient amplifying progenitor cells. However, it has to be mentioned that emerging data suggests that type 2a cells may not represent amplifying intermediates in the hippocampal neurogenic lineage (Lugert et al. 2012) . Type 2 and type 3 cells display distinct morphology: whereas the former bear short horizontally oriented processes, the latter display longer horizontally oriented and sometimes vertically growing processes. Type 2a and type 2b cells were initially distinguished by the expression of the immature neuron-specific microtubule associated protein doublecortin (DCX) leading to the hypothesis that newborn cells are fate committed to the neuronal lineage on transition from the type 2a to the type 2b precursor stage . Type 3 precursors constitute the last proliferative precursor stage in the adult hippocampal neurogenic lineage. Type 3 cells exit the cell cycle to differentiate into postmitotic immature neurons, characterized by the expression of DCX and the calcium-binding protein calretinin .
Maturation of new neurons follows a highly stereotypic sequence and can be roughly divided into two phases. New neurons undergo fast axonal and dendritic growth during the first 2.5 to 3 wk after their birth Sun et al. 2013) . They are initially tonically activated by ambient g-aminobutyric acid (GABA), followed by activation by GABAergic synaptic inputs (Ge et al. 2006 Note that the precise expression pattern of nuclear factor 1 X-type (NFIX), Bmi, FoxOs, and Hmga2 in the adult hippocampal neurogenic lineage has not been fully established; for these transcription factors, the expression pattern is assumed, based on their proposed function. In the case of the Notch-signal transducer RBPJk, the activity of the Notch/RBPJk pathway is shown. REST, Repressor element 1 -silencing transcription; pCREB, phosphorylated CREB; DCX, doublecortin.
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The following maturation phase is initiated around the time of DCX and calretinin downregulation and the appearance of calbindin expression, which is a calcium-binding protein invariably expressed by mature neurons. At about 2.5 wk of age, GABAergic input becomes inhibitory (Ge et al. 2006) . Around the same time, neurons display for the first time large mossy fiber boutons-the structural correlate of the presynaptic compartment of granule neurons-in the hilus and CA3 region, and express electrophysiological evidence and morphological correlates (i.e., dendritic spines) of synaptic glutamatergic input (Esposito et al. 2005; Ge et al. 2006; Zhao et al. 2006; Toni et al. 2007 Toni et al. , 2008 Sun et al. 2013 ). Failure to develop Nmethyl-D-aspartate (NMDA)-receptor-mediated input increases cell death between weeks two and three, indicating that synaptic glutamatergic input during this developmental window is crucial for survival of adult-born neurons (Tashiro et al. 2006) .
Glutamatergic input and GABAergic input increases and is refined over an extended period of time. Between 4 and 8 wk after their birth, adult-born neurons display enhanced plasticity (Snyder et al. 2001; Schmidt-Hieber et al. 2004) , driven by expression of NR2B-containing NMDA receptors in adult-born neurons (Snyder et al. 2001; Ge et al. 2007) , and the protracted development of GABAergic inhibition (Li et al. 2005; Marin-Burgin et al. 2012) .
Over the past years, proteins expressed at distinct developmental stages have been identified and have since been used as markers for specific cell types in the hippocampal neurogenic lineage. Notably, most of these proteins are transcription factors, emphasizing the key function of transcriptional control in the regulation of the neurogenic program (Fig. 1) .
TRANSCRIPTIONAL REGULATORS OF STEM-CELL AND PRECURSOR ACTIVITY
A number of studies have consistently reported that maintenance of type 1 cells (to which we will in the following also refer to as neural stem cells for the ease of reading) is crucial to ensure hippocampal neurogenesis throughout life. Key determinants for the function of neural stem cells are its proliferative capacity and its potential to multilineage differentiation ("multipotency").
The arguably best-studied transcription factor in the regulation of neural-stem-cell function is the SRY-related high-mobility group (HMG) box (Sox) family member Sox2. Sox2 is highly expressed in type 1 cells and type 2a precursor cells (Steiner et al. 2006) . Conditional ablation of Sox2 from the adult hippocampal neurogenic lineage causes a strong reduction of radial type 1 cells and of cell proliferation shortly after induction of recombination (Favaro et al. 2009 ). The identification of Sox2 targets indicates that Sox2 controls both proliferative capacity and multipotency of neural stem cells. Sox2 positively regulates the expression of the nuclear orphan receptor tailless (TLX) (Shimozaki et al. 2011 )-an essential transcriptional regulator of proliferation competence in adult neural stem cells (see below) (Shi et al. 2004; Liu et al. 2008 Liu et al. , 2010 Zhang et al. 2008; Niu et al. 2011) . Sox2 was also found to control the expression of the signaling molecule Sonic hedgehog (Shh) (Favaro et al. 2009 ). Shh signaling is active in type 1 cells (Ahn and Joyner 2005) and promotes cell proliferation in the adult hippocampal neurogenic niche (Lai et al. 2003) . Most intriguingly, Shh partially rescues proliferation and self-renewal defects in Sox2-ablated postnatal neural stem cells. Thus, Sox2 and Shh appear to be components of an autocrine signaling loop that regulates neural-stemcell maintenance and proliferation (Favaro et al. 2009 ). Finally, it was shown that Sox2 inhibits Wnt-signaling-induced transcriptional activation of the proneurogenic transcription factor NeuroD, thereby preventing neuronal differentiation and maintaining stem cells in a multipotent state (Kuwabara et al. 2009 ).
Analysis of transgenic reporter mice showed that the nuclear orphan receptor TLX is expressed in type 1 cells (Shi et al. 2004; Niu et al. 2011) . Full TLX knockout as well as conditional ablation of TLX from type 1 precursors cause loss of proliferation in the adult DG (Shi et al. 2004; Zhang et al. 2008; Niu et al. 2011) . The loss of proliferation is most likely caused by functional impairment rather than loss of type 1 cells, because cells displaying the typical type 1 cell morphology and marker expression persist in the SGZ of adult TLX-deficient mice (Niu et al. 2011) . The importance of TLX for proliferative competence of type 1 cells is further supported by the finding that reintroduction of TLX into the DG of TLX-null mice is sufficient to restore proliferation in type 1 cells (Niu et al. 2011) . TLX may control proliferative activity of neural stem cells by suppressing pathways that promote stem-cell quiescence including the cell-cycle inhibitor p21, the p53 pathway, and PTEN-mediated inhibition of phosphoinositide-3-kinase (PI3K) signaling (Zhang et al. 2006; Niu et al. 2011 ) and by promoting the activity of canonical Wnt signaling (see below) (Qu et al. 2010) . TLX recruits the histone deacetylases HDAC3 and HDAC5 (Sun et al. 2007) , and the histone demethylase lysine-specific demethylase 1 (LSD1) to repress expression of its targets . Disruption of TLX/HDAC interaction as well as inhibition of LSD1 activity result in reduced neural-stemcell proliferation, indicating that interaction with these transcriptional corepressors is essential for TLX-dependent regulation of stem-cell proliferation (Sun et al. 2007 .
Repressor element 1-silencing transcription (REST) factor was initially described as a transcription factor that represses neuron-specific gene expression in nonneuronal tissues and undifferentiated neuronal progenitors (Chong et al. 1995; Schoenherr and Anderson 1995) . REST is biphasically expressed in the adult hippocampal neurogenic lineage with peak expression in type 1/early type 2 cells and in mature granule neurons (Gao et al. 2011) . Conditional ablation of REST from type 1 cells results in a mild increase in the fraction of proliferating type 1 cells at early time points; at a later time point, however, fewer type 1 cells proliferate and the rate of neurogenesis is mildly decreased. REST-deficient neural stem cells display self-renewal defects in vitro and show aberrant histone modifications and derepression of neuronal differentiation genes, such as NeuroD1, suggesting that REST controls neural-stem-cell maintenance by preventing precocious expression of the neuronal differentiation program (Gao et al. 2011) .
Consistent with the regulation of type 1 cell activity by extrinsic signals, several proteins have been linked to the regulation of stem-cell maintenance and proliferation, which function as transcriptional effectors in signaling cascades. The activated forms of the transcription factors Smad1 and Smad2 form heteromeric complexes with Smad4 to transcriptionally regulate target gene expression downstream from bone morphogenic protein (BMP)2/4 signaling and transforming growth factor (TGF)-b signaling, respectively. Active Smad1 is found in quiescent type 1 cells under physiological conditions (Mira et al. 2010) , whereas Smad2 activity is observed in type 1 cells in animal models, which show decreased hippocampal neural-stem-cell activity (Kandasamy et al. 2010) . Activation of either pathway reduces proliferation of neural stem cells in vitro (Wachs et al. 2006; Mira et al. 2010) , whereas in vivo inhibition of BMP2/4 signaling (Bonaguidi et al. 2008; Mira et al. 2010 ) and ablation of Smad4 from type 1 cells result in increased mitotic activity in the DG (Mira et al. 2010) . Notably, prolonged inhibition of BMP signaling results in stem-cell depletion, suggesting that BMP-regulated transcriptional programs are essential to control stem-cell maintenance and proliferation. Transcriptional targets of the BMP2/4-Smad pathway in the regulation of adult neural stem cells have not been systematically investigated but may include the transcription factors of the inhibitor of DNA binding (Id) and of the Hairy enhancer of split (Hes) families, which control differentiation of precursor cells in neural development (Ross et al. 2003; Kageyama et al. 2005) and were found to be up-regulated in adult hippocampal neural stem cells in response to BMP2/4 signaling (Mira et al. 2010) . Most recently, it was suggested that BMP-induced quiescence of cultured neural stem cells is dependent on the expression of the transcription factor NFIX . The same study reported that NFIX overexpression was sufficient to induce
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An essential pathway for the generation of dentate granule neurons during embryogenesis and adulthood is canonical Wnt signaling (Galceran et al. 2000; Lee et al. 2000; Lie et al. 2005) . Canonical Wnt signaling results in stabilization of b-catenin, which interacts with the transcription factor of the TCF/LEF family to induce the expression of Wnt target genes (Clevers and Nusse 2012) . Canonical Wnt signaling was initially linked, in particular, to niche-induced neuronal fate determination and proliferation of type 3 neuroblasts (see below) (Song et al. 2002; Lie et al. 2005; Kuwabara et al. 2009 ). Recent data suggest that canonical Wnt signaling may also regulate hippocampal stem-cell activity. Neuronal activity decreases the expression of secreted frizzled-related protein 3 (Sfrp3), a Wnt inhibitor highly expressed by local mature granule neurons. Sfrp3 deletion activates quiescent neural stem cells and promotes newborn neuron maturation, dendritic growth, and spine formation (Jang et al. 2013) , suggesting an activity-dependent mechanism governing adult neurogenesis through acute release of tonic inhibitors. Dickkopf1 (Dkk1) is a secreted antagonist of Wnt signaling (Clevers and Nusse 2012) . Intriguingly, Dkk1 expression in the DG increases with age; whereas, reducing Dkk1 expression counteracts the age-related decrease in neurogenesis and its associated cognitive decline (Seib et al. 2013) , which is in line with the observation that dysfunctional Wnt signaling contributes to age-related decline of hippocampal neurogenesis (Miranda et al. 2012) .
Notch signaling has been linked to the control of proliferation, maintenance, and self-renewal in a broad array of stem-cell populations (Koch et al. 2013) . In canonical Notch signaling, binding of ligands to the Notch receptor culminates in release of transcriptional repressors from RBPJk-the transcriptional downstream effector in canonical Notch signalingfollowed by the recruitment of coactivators and the induction of expression of target genes (Baron 2003) . Canonical Notch signaling is active in type 1 cells and is absent from neuronally committed precursors (Ehm et al. 2010; Lugert et al. 2010) . The importance of Notch signaling for balancing quiescence and proliferation of type 1 cells was shown through genetic manipulation of Notch1 and RBPJk. Forced Notch signaling in type 1 cells via overexpression of the intracellular domain of Notch1 enhanced maintenance and proliferation, whereas conditional ablation of Notch1 resulted in decreased proliferation of type 1 cells in the juvenile (Breunig et al. 2007 ) and adult hippocampus (Ables et al. 2010) , respectively. The strongest phenotype was observed following conditional ablation of RBPJk in type 1 cells. Such manipulation dramatically increased proliferation of type 1 cells and neurogenesis and led to the rapid depletion of the hippocampal neuralstem-cell pool (Ehm et al. 2010; Lugert et al. 2010) . It was also found that Notch/RBPJk signaling directly controlled the expression of Sox2 and that Sox2 overexpression was sufficient to rescue self-renewal deficits of RBPJkdeficient stem cells in vitro, thus providing evidence that canonical Notch signaling controls maintenance and proliferation in adult hippocampal neurogenesis through the transcriptional regulation of Sox2 expression (Ehm et al. 2010) .
Transcription factors of the Hes family, the Forkhead O-box (FoxO) transcription factor family, the transcriptional repressor Bmi-1, and the transcriptional regulator Hmga2 can transcriptionally regulate the expression of differentiation inhibitors, cell-cycle inhibitors, and of signaling pathways involved in adult neuralstem-cell control (Molofsky et al. 2003; Kageyama et al. 2008; Nishino et al. 2008; van der Vos and Coffer 2011) . Analysis of their respective knockout or transgenic reporter mice implicates these factors in the transcriptional regulation of type 1 cell maintenance and proliferation. Nonetheless, cell-type-specific deletion is pending to unequivocally show their functional significance in type 1 cells.
Bmi-1 and Hmga2 knockout mice display progressive loss of postnatal stem-cell proliferation and self-renewal, owing to the increased expression of the cell-cycle inhibitors and senescence factors p16(Ink4a) and p19(Arf ), which are transcriptionally repressed by Bmi-1 and Hmga2 (Molofsky et al. 2003; Nishino et al. 2008 ). Hes5-a bona fide canonical Notch-signaling target-inhibits neuronal differentiation of stem cells in embryonic neurogenesis by transcriptionally antagonizing the function of proneurogenic bHLH transcription factors (Kageyama et al. 2005) . Reporter driven by the Hes5 promoter labels both radial and atypical type 1 cells with high specificity, raising the possibility that Notch-dependent Hes5 expression may be involved in the maintenance of hippocampal neural stem cells. The number of hippocampal stem cells in FoxO3 knockout mice is transiently increased at young ages but quickly declined at older ages (Renault et al. 2009 ). FoxO proteins were initially identified as longevity factors operating downstream from the insulin/insulin-like growth factor (IGF)-1 signaling pathway (Kenyon et al. 1993; Lin et al. 1997) . FoxO transcription factors have not only been found to regulate cell-cycle inhibitors, DNA-repair proteins, and detoxifying enzymes (van der Vos and Coffer 2011), but also have been shown to modulate signaling pathways regulating adult neural stem cells. These include the TGF-b (Seoane et al. 2004) , Wnt (Essers et al. 2005; Paik et al. 2009 ), and Notch (Kitamura et al. 2007 ) signaling pathways. A recent ChIP-Seq analysis of adult neural stem/progenitor cells revealed that FoxO3 shares numerous targets with the bHLH transcription factor Mash1/Ascl1 with a conspicuous enrichment at the enhancers of genes involved in proneurogenic pathways (see below) (Webb et al. 2013) .
The proneural transcription factor achaetescute homolog 1 (Mash1/Ascl1) is expressed by dividing the type 2a precursor population (Uda et al. 2007 ) and promotes their proliferation, specification, and differentiation into neurons (Bertrand et al. 2002; Castro et al. 2011 ). Mash1/Ascl1 operates downstream from TLX in the control of in vitro stem-cell proliferation (Elmi et al. 2010) , and closely interacts with Notch signaling in neural precursor cells (Yun et al. 2002; Castro et al. 2006) . Stem cells react on stimuli by up-regulation of Mash1/Ascl1 and subsequently exit quiescence. Inactivation of Mash1/Ascl1 blocks quiescence exit completely and leaves the cells unresponsive to activating stimuli (Andersen et al. 2014 ). These results propose a model in which Mash1/Ascl1 integrates inputs from both stimulatory and inhibitory signals and converts them into a transcriptional program activating adult neural stem cells (Andersen et al. 2014) . The temporal progression of the transcriptional program seems to be linked to the chromatin landscape at target regions as Mash1/Ascl1 promotes chromatin accessibility during neurogenesis (Raposo et al. 2015) .
TRANSCRIPTIONAL REGULATORS OF NEURONAL FATE DETERMINATION
Conceptually, neuronal fate determination is expected to include down-regulation of transcriptional programs maintaining multipotency and the initiation of neuron-specific gene-expression programs. Based on the initiation of DCX expression in type 2b precursors, it is assumed that the cells are fate committed to neurons on transition from the type 2a stage .
Initiation of DCX expression is preceded by the expression of the SoxB2 transcription factor Sox21 (Matsuda et al. 2012) , the T-box-containing transcription factor Tbr2 (Hodge et al. 2008) , and the transcriptional coregulator Tis21 (Attardo et al. 2010) . Expression of these transcription factors in the hippocampal neurogenic lineage is highly transient and overlaps only during a very limited time window with the expression of immature neuronal markers.
Sox21 is expressed in a limited number of type 1 and type 2b cells and has its highest expression in type 2a cells. Retrovirus-mediated overexpression of Sox21 in highly proliferative precursors stimulates the generation of DCXpositive neurons. Sox21 knockout mice show defective transition of precursors from the type 2a to the type 2b stage, indicating that Sox21 is a positive regulator of neuronal lineage
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Tbr2 is a conserved component of the transcription factor cascade controlling the formation of glutamatergic neurons in development and adulthood (Hevner et al. 2006 ). In the adult dentate granule neuron lineage, Tbr2 expression peaks in type 2a/b progenitor cells and is absent from radial glia-like type 1 and type 3 neuroblasts (Hodge et al. 2008) . Conditional ablation of Tbr2 from the adult hippocampal neurogenic lineage augments stem-cell proliferation. Similar to the Sox21 deficiency, loss of Tbr2 inhibits the transition from type 1/2a precursor cells toward DCX-expressing type 2b cells, demonstrating that Tbr2 is crucial for progression toward a neuronal fate (Hodge et al. 2012 ).
The molecular mechanism through which Sox21 and Tbr2 control lineage progression of type 2a cells is not fully understood. Current data suggests that both factors are part of a regulatory network that counteracts the stem-cellpromoting activity of Sox2. ChIP-Seq analysis and transactivation studies suggested that Sox2 and Sox21 have opposing effects on a number of shared targets in neural stem and precursor cells (Sandberg et al. 2005; Matsuda et al. 2012) . Tbr2 was suggested to counteract Sox2-mediated inhibition of differentiation by directly repressing Sox2 expression (Hodge et al. 2012) . It is noteworthy that T-box-containing transcription factors recruit H3K27-demethylase and H3K4-methyltransferase complexes to establish repressive and permissive epigenetic states at target promoters (Miller et al. 2008) , which raises the intriguing possibility that Tbr2 governs neuronal lineage progression through histone modifications at stem-cell promoters and neuronal lineage promoters.
Lineage progression of stem and precursor cells is dependent on cell-cycle length. Increasing cell-cycle length favors symmetric self-renewing divisions of neural stem/precursor cells, whereas shortening of the cell cycle promotes asymmetric divisions resulting in the differentiation of stem/precursor cells (Calegari and Huttner 2003; Calegari et al. 2005; Lange et al. 2009; Salomoni and Calegari 2010; Arai et al. 2011; Artegiani et al. 2011) . The transcriptional cofactor Tis21 is biphasically expressed in the adult hippocampal neurogenic lineage with peak expression in type 2a/b precursors and on the maturation of DCX þ /calretinin þ neurons toward mature calbindin-positive neurons (Attardo et al. 2010 ). Tis21 inhibits G 1 to S phase transition in diverse cell types through negative regulation of the cyclin D1 promoter (Montagnoli et al. 1996; Guardavaccaro et al. 2000) . Tis21 knockout mice and transgenic mice overexpressing Tis21 under the control of a type-1/2-specific promoter display altered cell-cycle characteristics and modulation of lineage progression of precursors (Farioli-Vecchioli et al. 2008 , suggesting that Tis21-dependent transcriptional regulation of cell-cycle control may contribute to neuronal lineage commitment in the adult DG. Analysis of conditional knockout mice with adult neurogenesis-specific deletion of Tis21, however, will be necessary to unequivocally show the function of Tis21 in cellcycle-regulated neuronal lineage commitment in adult hippocampal neurogenesis.
Simultaneous expression of the basic helixloop-helix transcription factor NeuroD1 and of the homeobox factor Prox1 is highly specific for the early dentate granule neuron lineage. Both NeuroD1 and Prox1 are transcriptional targets of canonical Wnt signaling (Gao et al. 2009; Kuwabara et al. 2009; Karalay et al. 2011) . Expression of NeuroD1 and Prox1 is initiated in type 2b cells (Steiner et al. 2006 (Steiner et al. , 2008 Hodge et al. 2008) . Since the onset of NeuroD1 and Prox1 expression was found to coincide with the appearance of neuronal lineage-specific proteins, these transcription factors were considered prime candidates to control neuronal lineage commitment during adult hippocampal neurogenesis. Indeed, NeuroD1 or Prox1 overexpression promotes neuronal differentiation of neural stem cells in vitro (Hsieh et al. 2004; Gao et al. 2009; Karalay et al. 2011) . Conditional ablation of NeuroD1 as well as deletion of Prox1 via conditional ablation or knockdown from the hippocampal neurogenic lineage reduced the generation of DCX-positive immature neurons (Gao et al. 2009; Lavado et al. 2010; Karalay et al. 2011) . Whether the reduction in neurogenesis was the consequence of impaired neuronal fate determination or of another mechanism remained to be determined. In fact, it was described that Prox1 and NeuroD1 expression were essential for survival of late-stage precursors and maturing newborn neurons. Thus, conditional ablation of Prox1 increased cell death of immature DCX-expressing neurons and of Tbr2-expressing type 2 precursors (Lavado et al. 2010) , whereas NeuroD1 deficiency decreased the survival of maturing neurons, which may be the consequence of defects in dendrite development and integration into the hippocampal circuitry (Gao et al. 2009 ).
Recently, SoxC group transcription factors were discovered as key transcriptional regulators of adult hippocampal neurogenesis (Haslinger et al. 2009; Mu et al. 2012; Feng et al. 2013 ). The SoxC factors Sox4 and Sox11 are almost exclusively expressed in regions of adult neurogenesis. Their expression in the adult hippocampal neurogenic lineage is initiated in type 2b precursor cells together with NeuroD1 and Prox1, and parallels the expression of DCX (Haslinger et al. 2009; Mu et al. 2012 ). Overexpression of either Sox4 or Sox11 was shown to be sufficient to induce neuron-specific gene expression in adult neural stem cells. Conditional removal of Sox11 significantly reduced the generation of DCX-positive immature neurons and impaired proliferation in the hippocampal neurogenic niche (Wang et al. 2013) , whereas combined conditional ablation of Sox4 and Sox11 from fast dividing precursor cells abolished the expression of DCX in newborn cells (Mu et al. 2012) .
The expression of SoxC factors in the adult hippocampal neurogenic lineage is highly comparable to their expression pattern in the adult SVZ (Haslinger et al. 2009; Mu et al. 2012 ) and different embryonic neurogenic lineages (Bergsland et al. 2006; Li et al. 2012; Shim et al. 2012 ). Similar to the hippocampal neurogenic lineage, deletion of SoxC proteins or of Sox11 alone inhibit lineage progression of neural precursors (Bergsland et al. 2006; Li et al. 2012) . Moreover, recent evidence suggests that chromatin remodeling and activation of the Sox4 and Sox11 loci are key regulatory events in neuronal fate determination of adult neural stem cells (Feng et al. 2013 ) and maintenance of neuronal identity in adult SVZ neurogenesis (Ninkovic et al. 2013) . Consistent with a function of SoxC proteins in neuronal fate determination, ChIP-Seq analysis of neuronally differentiated embryonic stem (ES) cells (Bergsland et al. 2011 ) and analysis of in vivo developmental and adult neurogenesis (Bergsland et al. 2006; Mu et al. 2012; Wang et al. 2013) showed that SoxC factors control the expression of neuron-specific structural proteins (e.g., b-tubulin III, DCX, Lis1) that are expressed by immature neurons of many, if not all, subtype lineages during adult and embryonic neurogenesis. Finally, SoxC proteins were shown to be required for neuronal reprogramming of somatic cells and when combined with bHLH transcription factors to enhance the efficiency of reprogramming of somatic cells into specific neuronal subtypes (Mu et al. 2012; Liu et al. 2013 ). Overall, these data indicate that SoxC proteins transcriptionally regulate neuronal lineage-specific genetic programs during both development and adulthood. Moreover, given the expression and neurogenic function of SoxC factors throughout the generation of multiple neuronal subtypes in development and adulthood, it seems reasonable to assume that SoxC proteins control the expression of neuronal traits shared by developing neurons of all subtype lineages (Bergsland et al. 2006 (Bergsland et al. , 2011 Mu et al. 2012 ). According to the terminal selector hypothesis, neuronal-subtype-specific traits are controlled by a combination of cell-type-specific transcriptional regulators ("terminal selector network") that cooperatively determine the unique geneexpression profiles of individual neuronal cell types (Hobert 2011) . If SoxC factors control pan-neuronal traits, which factors constitute the terminal selector network in granule neuron generation and identity? NeuroD1 is part of a common transcription factor sequence specifying glutamatergic neurons in different brain regions (Hevner et al. 2006 ). Prox1 was found to be necessary to maintain the identity of mature DG neurons (see below) (Iwano et al. 2012) . Given that the simultaneous expression of NeuroD1 and Prox1 defines the early dentate
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TRANSCRIPTIONAL REGULATORS OF MATURATION AND SYNAPTIC INTEGRATION
Information on the transcriptional regulation of neuronal maturation and functional integration in adult hippocampal neurogenesis is scarce. Presently, only NeuroD1 and cAMP-response element-binding (CREB) protein have been confirmed as essential transcriptional regulators in the control of maturation and synaptic integration of adult-born DG neurons via conditional knockout studies and retrovirusmediated-specific genetic manipulation.
Phosphorylation at Ser133 constitutes the rate-limiting step in the activation of CREB (Gonzalez and Montminy 1989) . CREB activity as determined by the presence of phosphorylated CREB ( pCREB) is found in adult-born hippocampal granule cells from 3 to 21 d after their generation and largely overlaps with the expression of DCX (Nakagawa et al. 2002a,b; Jagasia et al. 2009 ). pCREB is down-regulated as newborn neurons lose DCX expression and initiate the expression of the mature granule cell marker calbindin (Jagasia et al. 2009 ). The function of CREB in adult hippocampal neurogenesis has been examined using pharmacological and retrovirus-mediated gene transfer. Systemic delivery of the phosphodiesterase-4 inhibitor rolipram promotes CREB signaling in the adult brain (Nakagawa et al. 2002b; Fujioka et al. 2004) . Rolipram treatment was found to promote survival of newborn neurons and to enhance neurite outgrowth and dendritic branching of neurons located in the SGZ. Moreover, broad expression of a dominant-negative CREB inhibitor in the DG abolished the effects of rolipram on neuronal morphology (Fujioka et al. 2004) . Similarly, retrovirus-mediated expression of the dominant-negative CREB mutant aCREB specifically in the neurogenic lineage severely impaired dendritic growth (Jagasia et al. 2009 ) and strongly reduced survival of newly generated cells. Thus, gain-and loss-offunction studies consistently show a key role for CREB signaling in the control of dendritic growth and functional integration of newborn neurons and in the regulation of neuronal survival.
Like CREB activity, expression of NeuroD1 is also required for proper dendritic development and survival in adult hippocampal neurogenesis (Gao et al. 2009 ). Intriguingly, activity of CREB signaling (Jagasia et al. 2009 ) and expression of NeuroD1 (Tozuka et al. 2005) in the adult neurogenic lineage are both positively regulated by GABA-induced signaling. Moreover, CREB-signaling-deficient adult-generated cells fail to maintain their neuronal identity and lose expression of neuron-specific genes including NeuroD1 (Jagasia et al. 2009 ). These observations suggest that CREB and NeuroD1 act in the same signaling pathway to control the development and maturation of adult-born DG neurons, and raise the possibility that CREB may operate upstream of NeuroD1.
Based on the analysis of conventional knockout mice, Tis21 and Krüppel-like factor 9 have been implied in the transcriptional control of morphological development and functional integration in adult hippocampal neurogenesis. However, as conditional removal or functional knockdown of these factors specifically from the adult hippocampal neurogenic lineage has not been reported yet, their direct involvement in the transcriptional regulation of maturation awaits confirmation.
Tis21 is biphasically expressed in the adult hippocampal neurogenic lineage and shows a second peak of expression on the transition from the immature neuronal stage characterized by the expression of DCX and calretinin toward a mature stage characterized by the down-regulation of DCX and calretinin and the expression of calbindin (Attardo et al. 2010) . BrdU pulse chase studies in Tis21 knockout mice revealed, on one hand, a significant reduction of calbindin-positive mature cells and, on the other hand, a significant increase in DCX þ / calretinin þ immature neurons among 28-d-old newborn cells, suggesting that Tis21 deficiency impaired maturation of adult-generated neurons (Farioli-Vecchioli et al. 2009 ). Krüppel-like factor 9 (Klf9) is a member of the evolutionarily conserved zinc finger transcription factor family. Klf9 expression is expressed in calbindin-positive DG neurons. Its expression is initiated around 3 wk after the birth of the new neuron and, thus, roughly coincides with the time when adult neurons begin to receive functional inputs (Scobie et al. 2009 ). Immature newborn neurons in adult Klf9 knockout mice show decreased formation of tertiary dendrites and the long-term survival of new neurons is severely impaired, leading to the suggestion that Klf9 is essential for the transcriptional regulation of synaptic integration and integration-dependent survival (Tashiro et al. 2006; Scobie et al. 2009 ).
The receptors for mineralocorticoids and glucocorticoids are differentially expressed in the DG neuron lineage (Garcia et al. 2004) . It has been known for a long time that corticoids potently modulate the precursor proliferation and survival of adult-generated cells (Mirescu and Gould 2006) . A recent study showed that knockdown of corticosteroid receptors from newborn neurons results in major maturation defects including ectopic positioning, and altered dendritogenesis and synaptogenesis (Fitzsimons et al. 2013) . Curiously, the fact that corticoid receptors function as transcription factors on ligand binding has been largely neglected in the context of adult hippocampal neurogenesis and transcriptional downstream targets of these proteins in maturing DG neurons remain unknown.
An unresolved issue is the question of how the identity of mature and functionally integrated DG neuron is maintained. As outlined above, the majority of transcription factors controlling the neuron development is only transiently expressed and is down-regulated in mature cells. The one exception is Prox1, whose expression is maintained in the neurogenic lineage after initiation at the type 2b stage. A recent study reported that conditional ablation of Prox1 specifically from newly generated mature neurons results in aberrant expression of CA3 pyramidal cell-specific genes and reduces the expression of calbindin, indicating that Prox1 is essential for maintenance of DG neuron identity (Iwano et al. 2012 ).
CONTROL OF LINEAGE PROGRESSION IN ADULT HIPPOCAMPAL NEUROGENESIS BY TRANSCRIPTIONAL NETWORKS: THE BAMBOO PRINCIPLE, DEEPLY ROOTED YET FLEXIBLE
The development of a functionally integrated DG neuron follows a stereotypic sequence of molecular and cell biological events, whose order is highly resistant to extrinsic influences. What is the molecular basis controlling the ordered progression through neuronal development?
Transcription factors controlling stem-cell maintenance and proliferation are connected via cross-regulatory loops. Notch signaling through RBPJk, for example, controls Sox2 expression; TLX expression is regulated by Sox2 (Shimozaki et al. 2011) ; activity of the PI3K pathway is modulated by TLX (Zhang et al. 2006; Niu et al. 2011) , whereas the PI3K-regulated transcription factor FoxO3 controls expression of Notch pathway components (Webb et al. 2013) . The involvement of cross-regulatory loops to control specific developmental stages may provide the advantage of a self-regulatory transcriptional network, which on one hand is largely self-sufficient and robust, but on the other hand, can be quickly dissolved by dysregulation of a single factor to induce lineage progression (Fig. 2) . Indeed, cross-regulatory transcriptional networks may not be confined to the regulation of stem cells, as it was recently reported that a cross-regulatory network involving Pou3f4, NFIB, and SoxC family transcription factors controls neuronal differentiation in adult subventricular/olfactory bulb neurogenesis (Ninkovic et al. 2013) .
The highly overlapping expression pattern of some transcription factors suggests that transcription factors cooperatively activate developmental stage-specific gene-expression programs, whereas the sequential expression pattern of other key transcription factors in adult neurogenesis raise the possibility that transcriptional regulators exert negative feedback on the gene-expression programs of the preceding developmental step, and prime the developing neuron to express the developmental program of the following step, thereby ensuring lineage progression (Fig. 2) . In this regard, it is noteworthy that there is growing evidence for sequential occupancy of enhancers and promoters of key differentiation genes by stage-specific transcription factors during lineage progression. (Kuwabara et al. 2009 ). The same study also provided preliminary evidence that binding sites, which can be targeted by both Sox2 and TCF/LEF transcription factors, may be widely distributed through the genome, raising the possibility that the Sox2 to TCF/LEF switch may be a general mechanism to express the neuronal differentiation program. A recent study uncovered that differentiation of ES cells into neurons is accompanied by the sequential expression and binding of the Sox transcription factors Sox2, Sox3, and Sox11 to a common set of neuron-specific gene enhancers. The successive binding of Sox proteins was found to first confer the competence of ES cells to express neural genes and later to drive the proper activation of neuron-specific genes in neuronal precursors and neurons. Binding of an "early" Sox transcription factor to the enhancers of neural-and neuronal-specific genes was associated with chromatin in a poised bivalent state, which, at later developmental stages, was resolved into active chromatin on binding of a "later" Sox factor (Bergsland et al. 2011) . Considering the importance of Sox2 for multipotency and proliferation, the crucial function of Sox11 for neuronal differentiation (Mu et al. 2012) , and the sequential expression of Sox2, Sox3, and Sox11 in the hippocampal neurogenic lineage Haslinger et al. 2009) , it is tempting to speculate that a similar binding sequence to neuronal-specific enhancers may contribute to lineage progression in adult hippocampal neurogenesis.
FoxO3 and Mash1 are emerging as another pair of sequentially expressed transcription factors, which share numerous target genes in the adult neurogenic lineage and whose sequential activity may contribute to the regulation of lineage progression. FoxO transcription factors appear to operate on the level of the type 1 stem cells; Mash1 is expressed in the immediate progeny of type 1 stem cells. ChIP-Seq analysis of cultured neural stem cells indicate that FoxO3 and Mash1 target overlapping sets of genes involved in proneurogenic pathways. Intriguingly, analysis of the chromatin landscape suggests that FoxO3 represses and Mash1 activates the expression of neuronal differentiation genes (Webb et al. 2013) . These data raise the possibility that FoxO3 regulates stem-cell maintenance by inhibiting the expression of Mash1 target genes and Mash1-induced lineage progression.
Although the order of developmental steps appears to be immutable under physiological conditions, the rate and tempo of adult neurogenesis as well as cell fate choices of precursor cells are subject to modulation by extrinsic signals as revealed by transplantation experiments (Suhonen et al. 1996; Shihabuddin et al. 2000; Lie et al. 2002) and experiments studying the effects of growth-factor-induced signaling (Kuhn et al. 1997; Aberg et al. 2000; Lai et al. 2003; Cao et al. 2004; Lie et al. 2005; Wachs et al. 2006; Bonaguidi et al. 2008; Mira et al. 2010) . Most impressively, the adult neurogenic lineage is capable of changing the rate of neuronal production and the developmental time course in response to complex behavioral stimuli (van Praag et al. 2000; Ma et al. 2009; Lugert et al. 2010; Piatti et al. 2011 )-a feature that is considered essential to adjust the generation of
Transcription Factors and Neurogenesis
Cite this article as Cold Spring Harb Perspect Biol 2015;7:a018879 functional integrated neurons for information processing according to changing environmental stimuli.
In several instances, manipulation of different signaling pathways result in comparable phenotypes; for example, loss of Notch signaling (Breunig et al. 2007; Ables et al. 2010; Ehm et al. 2010; Lugert et al. 2010) , inhibition of BMP signaling (Mira et al. 2010) , and overactivation of PI3K signaling (Bonaguidi et al. 2011) produce transient increases in stem-cell proliferation and in the long-term depletion of type 1 cells and decreased hippocampal neurogenesis; infusion or overexpression of fibroblast growth factor (FGF)-2, Shh, IGF-1, and vascular endothelial growth factor (VEGF) promote stimulation of precursor cell proliferation (Kuhn et al. 1997; Aberg et al. 2000; Lai et al. 2003; Cao et al. 2004) . How can such a large number of signals faithfully control the production of new neurons at a rate optimal for hippocampal information processing in the presence of a changing environment and cognitive stimuli? And how can stem cells and their progeny maintain on one hand the stereotypic developmental sequence for the generation of a functional neuron, but on the other hand dynamically respond to extrinsic signals, which can alter the timing of the developmental sequence? To deal with the multitude of regulatory signals, the hippocampal neurogenic niche and cells of the neurogenic lineage themselves are likely to possess mechanisms to integrate extrinsic signals into developmental decisions, such as whether to remain quiescent or to proliferate or whether to speed up or slow down maturation. Transcription factor networks are ideally suited to integrate extrinsic signals into developmental programs (Fig. 2) . Developmental neurobiology has for a long time pursued the concept that cellular identity and behavior is controlled by the combinatorial action of cell-type-specific sets of transcription factors (Briscoe and Ericson 2001) . Signaling pathways frequently generate transcriptional output by direct control of the activity status of transcription factors through posttranslational modifications. A breakthrough discovery in ES cell research was the identification of a core regulatory transcriptional network controlling pluripotency. This core regulatory network is composed of transcription factors, which biochemically interact and cooperatively control the fundamental gene-expression program regulating ES cell identity and function (Boyer et al. 2005 (Boyer et al. , 2006 Chen et al. 2008; van den Berg et al. 2010) . Most notably, this core transcriptional network contains transcriptional signal transducers, such as the BMP effector Smad1 and the gp130 signaling effector Stat3, thereby providing a molecular explanation of how the activity of extrinsic signals is wired into the cellular identity network (Chen et al. 2008) . Whether equivalent core regulatory transcriptional networks exist, which control distinct steps in hippocampal neurogenesis and modulate the developmental program according to the activity of extrinsic signals, remains to be established. Biochemical and functional interactions of central regulatory transcription factors have been established. Sox2 and TLX, for example, interact to balance the expression of downstream targets in neural stem cells (Shimozaki et al. 2011) . Partnering of Sox2 with the paired related homeobox protein Prx1 was found to be highly relevant for neural-stem-cell maintenance as disruption of Prx1 expression has profound effects on in vitro neural-stem-cell self-renewal (Shimozaki et al. 2013) .
FoxO transcription factors have the potential to interact with RBPJk (Kitamura et al. 2007 ) and Smad2/3 (Seoane et al. 2004) and to cooperatively regulate target gene expression. These interactions-if present also in neural stem cells-would be particularly notable as the activity of such complexes could be controlled by multiple signaling inputs, namely, PI3K, Notch, and TGF-b signaling, and could allow neural stem cells to integrate different signals and to respond to these signals in a graded fashion (Schwarz et al. 2012) .
Neuronal activity is a major stimulus for differentiation and maturation in the adult hippocampal neurogenic lineage (Tozuka et al. 2005; Ma et al. 2009; Piatti et al. 2011; Song et al. 2012 Song et al. , 2013 Zhao et al. 2012) . The effects are in part mediated by activity-dependent demethylation and increased expression of sig-naling molecules in the hippocampal neurogenic niche (Ma et al. 2009 ), which may then result in the activation of the respective transcriptional pathways in the hippocampal neurogenic lineage. The observations that increasing GABAergic input onto precursors increases their proliferation and neuronal differentiation and survival (Tozuka et al. 2005; Song et al. 2012 Song et al. , 2013 and that decreasing neuronal excitation of individual newborn neurons delays their maturation (Piatti et al. 2011) show that direct neuronal input into the hippocampal neurogenic lineage exerts major regulatory influence over the developmental sequence. The transcription factor networks downstream from direct neuronal input have not been identified. CREB as a prototypic activity-regulated transcription factor represents a prime candidate to mediate the transcriptional response downstream from neuronal input. Indeed, CREB activity in immature adult-generated neurons is regulated by GABA-induced excitation and controls morphological maturation (Jagasia et al. 2009 ). CREB itself has the ability to partner with a number of transcriptional regulators, which themselves are regulated by neuronal activity and growth factor signaling; these interactions are thought to enable the CREB transcriptional complex to sense coinciding activities of multiple pathways (Conkright et al. 2003; Ravnskjaer et al. 2007) , which, in turn, may allow the developing neuron to interpret a broad variety of signals and convert them into a developmental response (Merz et al. 2011) .
CONCLUSION
Transcription factors as regulators of gene-expression programs exert key functions to control the generation of new functional hippocampal neurons. A growing number of transcriptional regulators for adult hippocampal neurogenesis have now been identified. Yet, as the full complement of key transcriptional regulators in the adult neurogenic lineage has most likely not been discovered, and as there is little insight into the hierarchical order and functional relationship among the individual transcription factors, we are still far from understanding the logic of the transcriptional code coordinating the developmental sequence of adult-born dentate neurons. An additional layer of complexity is presented by the ability of the regulatory network to adapt the rate and timing of the basic developmental sequence in response to complex behavior and molecular signals. If and how these signals are wired into the transcriptional regulation remains largely unknown.
There is growing evidence that the individual transcriptional factor-rather than controlling individual aspects of neuronal development in isolation-participates in a core transcription factor network to control large sets of downstream targets. Moreover, sequential promoter/ enhancer occupancy by developmental stagespecific transcriptional complexes may confer lineage progression by sequential priming, activation, and repression of stage-specific genes. Finally, the activity of extrinsic signals may be directly wired into stage-specific core transcriptional complexes.
Defining the interactome of the transcriptional regulators in adult neurogenesis, and determining the in vivo developmental stagespecific transcriptome and epigenetic landscape will be key to unravel the precise mechanisms underlying transcription factor-mediated regulation. Although such analyses seemed out of reach a few years ago, the recent development of methods to analyze the transcriptome and epigenome from limited in vivo material (Bonn et al. 2012; Grindberg et al. 2013 ) has opened the door toward an in-depth understanding of the transcriptional basis of adult neurogenesis. Such an understanding will significantly further our insights into the molecular mechanisms underlying neurogenesis-dependent plasticity in health and disease. 
